Petroleum hydrocarbon (PHC) received special attention because of its toxic, carcinogenic and mutagenic properties (Lyla et al. 2012) . Globally, many studies have been conducted on the distribution of PHC in water columns, sediments, and aquatic organisms (Chouksey et al. 2004; Li et al. 2010; Venkatachalapathy et al. 2010) . When directly released into water through spills or leaks, certain PHC fractions evaporate, but some fractions float and may form thin films over the surface of the water (Mohanty et al. 2016) . Heavier fractions accumulate in sediment, which may affect bottom-feeding fish and organisms . PHCs are complex mixtures of several compounds with varying molecular structure and composition. It contains a wide range of normal alkanes, unsaturated hydrocarbons, non-symmetric cyclic hydrocarbon and polycyclic aromatic hydrocarbons (Veerasingam et al. 2015) . PHC is readily adsorbed onto particulate matter and ultimately incorporates itself into sediment which acts as a reservoir for hydrophobic contaminants. Investigation on the composition of PHC compounds in different estuarine sediments can provide information about their sources and diagenetic processes, whilst also reflect the extent of anthropogenic pressures on the environment (Medeiros et al. 2005) . Monitoring of such organic pollutants can also warn of the potential bioaccumulation of contaminants in organisms which may ultimately be consumed by humans as food. To date, there has been limited investigation on the extent of PHC in Indian lagoon ecosystems. Venkatachalapathy et al. (2013) , Lyla et al. (2012) and have studied the distribution of PHC withinIndia. A total of 52 rivers and rivulets drain into the lagoon, out of which the northeast rivers contribute about 80% of the annual freshwater load. The mixing of freshwater from rivers and saline waters through the lagoon's mouth significantly influences the biogeochemistry and biodiversity of the lagoon (Muduli et al. 2012 (Muduli et al. , 2013 Barik et al. 2017) . Due to this complex salinity regime, the lagoon hosts a dynamic ecosystem that offers a vast array of biological diversity. The lagoon hosts a capture fishery, estimated to provide approximately 10,000 metric tons per annum (Mohapatara et al. 2007) . Thus, it is estimated that fishery production from Chilika underpins 200,000 local livelihoods, resulting in approximately 6640 fishing boats active within the lagoon, of which 2342 are motorized and 3398 are non-motorized (Mohanty et al. 2016) . The tourism sector is the major alternative livelihood activity; subsequently an additional 900 motorized boats are active in the tourism sector (Mohanty et al. 2016) . During maintenance or operational activities of these boats, there might be chance of oil leakage or seepage from the boat engines. In addition, inflows from catchment areas and riverine input during monsoon season could also source the PHC in to the lagoon. Thus, a multitude of impacts from the various sources may be expected in the lagoon which can pose serious threats to the living biota. Considering the ecological and economical importance of the lagoon, this study investigates the following objectives: (i) evaluate the degree of sediment PHC contamination in comparison to the threshold limit of 70 ppm as classified by US NAS (ii) understand the sources of PHC in the sediments and provide a base line information for future investigations across Chilika lagoon.
Materials and Methods
The sampling strategy aimed to cover the entire lagoon and jetties across all seasons. In total, 16 monitoring stations were selected, split into eight stations each of the major jetties and from the rest of the lagoon. These stations were uniformly selected to cover each of Chilika's four ecological regions, namely the southern, northern, central and outer channel sectors (Fig. 1) . Sediment samples were collected during the premonsoon (May), monsoon (September) and postmonsoon (December) periods of 2014, in order to analyze petroleum hydrocarbon (PHC), organic matter (OM) and sediment texture. A total of 48 samples (16 stations*three seasons) of estuarine surface sediment (top 5 cm) were collected using a Van Veen grab (KC Denmark) and visible debris (any vegetation or animal shell etc.) were removed. Sediment samples were collected from the center part of the grab to avoid any metallic contamination and the sediment samples were wrapped in aluminum foil soon after collection. Afterwards, samples were stored in self-packing polyethylene bags at −20°C until analysis. The collected sediments were then thawed, before 50 g of wet sample was soxhlet extracted for 2 h using a KOH-methanol mixture. Next, samples were extracted with n-hexane and dried over anhydrous Na 2 SO 4 . The concentrated extract was then separated on a silica-alumina column in order to measure the fluorescence of the total aromatic fraction (IOC-UNESCO 1982) . PHC concentrations were determined using UV-Fluorescence (UVF) Spectroscopy (Hitachi 7000) and reported as wet weight (ww) basis of the sediment samples. Sediment fluorescence was measured using a Teflon-capped 1 cm silica fluorescence cell at an emission wavelength of 364 nm (excitation wavelength: 310 nm); each sample was measured under identical instrumental conditions (IOC-UNESCO 1982) . Chrysene was used as a standard reference to test precision and accuracy, and the data was expressed in terms of chrysene equivalents. Recovery percentage for spiked samples ranged from 94% to 98%; precision was within 4%. The Limit of detection (3σ) and limit of quantification (10σ) of this method was 0.1 and 0.43 ppm respectively. All the estimates were conducted in triplicates with the average value reported. The surface sediment (upper 2 cm) was used to analyze the total organic carbon percentage (TOC %), estimated using the chromic acid oxidation method followed by back titration with ammonium ferrous sulfate (Walkley and Black 1934) . OM concentration was computed from TOC% using the multiplying factor of 1.724 (Trivedy and Goel 1984) . Prior to texture analysis, the sediment samples were air dried, oxidized with H 2 O 2 to remove organic matter and thoroughly homogenized by coning and quartering technique (Ingram 1971) . One-hundred grams of the treated and dried sediment samples were taken for texture analysis [sand and mud (silt + clay) fractions] using a vibratory sieve shaker (RETSCH AS-200). The sand fraction was determined as the weight of sediment retained by the sieve (125 µm pore size); mud content equaled the weight/volume of sediment which passed through the sieve (Nazneen and Raju 2017) . Two-way analysis of variance (ANOVA) at the 95% significance level ascertained whether significant differences exist between PHC concentrations with respect to spatial and temporal characteristics. Pearson's correlation coefficient analysis explored the interrelationship between sediment texture, OM and PHC. Nonmetric multidimensional scaling (nMDS) was performed after log transformation of the entire dataset in order to measure the spatial differences between the sampling stations by Euclidean distance. All statistical analyses were performed using IBM SPSS V.20 and PRIMER 6 software.
Results and Discussion
The mean concentration of PHC in the Chilika lagoon sediment varies widely from 0.39 to 10.97 ppm (Fig. 2) . ANOVA shows that the PHC concentrations are significantly different between sampling sites (p < 0.001) but insignificantly different (p > 0.05) between seasons. Considering the average concentration of PHC in all three seasons, the highest recorded value corresponds to station J4 (12.13 ppm; Figs. 2, 3), which is located at a major fishing jetty. In comparison, the lowest concentration (0.18 ppm) is observed at station S5 (Figs. 2, 3 ) which is close to the Nalabana bird sanctuary, where anthropogenic inputs are relatively limited as boat traffic and fishing activities are restricted and regulated by Chilika Wildlife Division (Dept. of Forest & Environment, Govt. of Odisha, India). High concentrations near station J4 might be due to runoffs from the nearby township, as well as continuous or accidental fuel spills and engine leaks from boating activities ( Table 1 ). In contrast, elevated levels of PHC at station J3 and J7 (Fig. 2 ) might be due to the high number of fishing boats and tourism activities. Similar to J4, the sources of PHC could be from oil spills, leaks from boat engines and operational discharge (Table 1) . Previous studies from similar eco-hydrological environments also argue that major sources of PHC are attributed to fishing activities, tourism activities and untreated residues (Mohd Tahir et al. 1997; Li et al. 2010) .
Textural classification reveals dominance of mud content in the surface sediments of the lagoon except for stations J2, J7, J8, S1, S2, S7 and S8 (Table 2) . High mud percentages found at the northern and central parts of the lagoon could be due to the influx of suspended particulate matter (SPM) from the catchment which produces flocculation that settles on the lagoon bed (Patra et al. 2016) . The higher sand contents at the outer channel (OC) and the southern region of the lagoon (Table 2) indicates a relatively high energy regime due to the tidal inlet and the Palur canal (Fig. 1) , which consequently prevents sedimentation of fine grained particles (Veerasingam et al. 2011 (Veerasingam et al. , 2015 . The amount of OM in analyzed sediments is relatively moderate, ranging between 0.65% and 5.34% on average. The highest content of OM (6.23%) was identified during the postmonsoon season at the J3 station (Table 2) , which is located close to a fishing jetty. In contrast, the lowest (0.26%) was concerned with the S7 station situated close to the lagoon inlet where sand dominated the sediment during the same season (Table 2) . Correlation coefficient analysis reveals a significant positive relationship between OM and PHC (f = 0.334; p < 0.05), which was also observed in other ecosystems across India (Gomti river; Malik et al. 2004 ) and elsewhere (e.g. Chinese lakes; Wu et al. 2012 ). The positive relationship might be due to high Koc (organic carbon normalized sorption coefficient) between OM and different compounds of PHC especially the polycyclic aromatic hydrocarbons (PAHs) (Wu et al. 2012) . Under elevated loading of OM via anthropogenic sources, the sediments expected to be anoxic leading to low rate of microbial degradation and resulting in preservation of PHC residues (IOC-UNESCO 1982). Significant positive correlation of OM with sediment mud content (f = 0.336; p < 0.05) indicates that the source of OM could be from the sediment delivered to the lagoon from the surrounding catchments (Patra et al. 2016) . A significant negative relationship of sand content and OM (f = 0.359; p < 0.05) indicates that the sand dominated sediments in Chilika (such as the OC region) contains lower amount of organic compounds. This could be due to the less effective sediment-specific surface area, high porosity and permeability of the sediment (Burone et al. 2003) . Statistically, an insignificant relationship was found between PHC and sediment texture, possibly due to the higher PHC concentrations observed in the jetties of the OC having predominantly sandy sediment texture. In addition, the nMDS (Fig. 2) plot reveals a strong spatial heterogeneity between the lagoon stations as well as the jetty stations. Four jetty stations (J3, J4, J7 and J8) fall outside of the group because their PHC levels are significantly higher than the other sampling points. Certain sampling points, such as J7 and J8, are often crowded with tourist boats and leaching of PHC products from the boats suggests a reason for the higher concentrations. Similarly, stations such as J3 and J4 are adjacent to the major fish landing jetties, where the source of PHC is either from the maintenance of boats or oil seepage during boat operation. Thus, it is clearly illustrated that the jetties used for tourist activities and for the purpose of fish landing contributed a higher amount of PHC compounds into the bottom sediment. The higher concentrations of PHC at the jetty locations compared to the lagoon, are primarily attributed to fueling, boat maintenance and catchment runoff. PHC concentrations obtained here are compared with previously reported values (Table 3 ). In the context of India, most previous studies have focused on coastal environments, such as the Visakhapatnam coast (Venkatachalapathy et al. 2013) , Tamilnadu coast , Chennai coast (Table 3) . As classified by US National Academy of Sciences (NAS 1975) , >70 ppm is considered as indication of pollution. In this regard, Food and Agriculture Organization (FAO) also classified the threshold as <100 ppm (FAO 1982) . With reference to these thresholds, all studied locations of the lagoon are unpolluted. These threshold values has been used in several studies to identify the pollution status of the ecosystem (Ingole et al. 1995; Mohd Ali et al. 2013) . Apart from these, no derived thresholds from regulatory agencies are available in literature for sediment PHC. However, considering the complex mixture of compounds (in PHC) recent studies has been focused on individual constituents of PHC in different environment (Kanzari et al. 2015; Devi et al. 2016) . Overall, our study reveals that the PHC concentrations in the sediments of Chilika lagoon are within the threshold limit and are also lower than those reported for similar ecosystems in India and overseas. However, long term deposition may result in bioaccumulation by benthic feeders, including fish and shellfishes, which require periodic monitoring to formulate appropriate management strategies for the Chilika lagoon. Zanardi et al. (1999) 
